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With the recent developments in nanoscience and nanotechnol-aigned caon W
R . ) . nanotube array
ogy, there is a pressing need for flexible, mechanically robust, and euar: W

environmentally stable chemical vapor sensors with a high effi- summ..,lm E.";!.',“‘."l
ciency and low power consumption. This type of sensors can, for

example, be used for real-time sensing of chemical warfare stimu- W
lants in a battlefield by monitoring the resistance changes in N

o ; - (0]
soldiers’ clothing! The early measurements on the conductivity '.32-"53."&-"-?&"‘"1

changes of conjugated (conducting) polymers via charge transfer il ===

with certain chemical vapors or nonconducting polymers mixed

with conductive fillers through polymer swelling by gas absorption bt lf"'l

around the percolation threshold provided the basis for developing _

polymer-based chemical vapor sensbrs.However, the poor W Resistance matar vt ()
environmental stability associated with most conjugated polymers ] )

limited the scope of their use for practical applicatiérihe Figure 1. Schematic illustration of the procedures for (a) fabricating and

. . - : . (b) characterizing the aligned carbon nanotdpelymer composite chemical
uncertainty on the precise location of the percolation threshold in vapor sensor. SEM images of the aligned carbon nanotube array (c) before

random dispersion systems remained as one of the major hindrancegng (d) after being partially coated with a polymer (PVAc) film on top and
toward high-performance conductively filled polymer sendofs. turned upside down (cf. Supporting Information; scale ars um).
The recent discovery of the gas sensing capabilities of carbon . . .

: P1) onto the nanotube film (cf. Supporting Information). The com-
nanotubes through the charge transfer or capacitance change b)f)o)site film was then inverged aspert) free?standing filrrz (Figure 1a
gas absorption (e.g., NHNO,, O,)* % is significantly intriguing . .
as their small size, hig_h surface area, good envir_onmental stability, Sg%;&rb:pgﬁzggotigr;gwgg ;::)I?ru%li?gr?r%enf ﬂeg;ﬁy?ncéfs;;tr:s(
and excellent mechanical and electronic properties can offer many(Figure 1a (Ill)). The flexible thin film device can then be used for
advantages for sensing applicatidfishe use of the pristineon- . ) . o L
alignedcarbon nanotubes for gas sensing as reported in these studie: 2iZT:gallg§lpc(;ruZigSI83 m?lj:%grgg-?:?r:ls?grcﬁl Tg:ﬁgg? \?vri]%ngzz

often involves tedious processes for integrating single carbon nano- lecul ithout th d for direct iulati f initiual
tubes into sensor devices, and the number of analytes to be deterM° e(t:ubes i dc;u ﬂ? nt_eet (t)rb |re(;:_ :nanlpu ﬁ lon o .I d uad b
mined is also hampered by the limited specific interactions with nanotube and/or the inter-ube distance change induced by

the unmodified nanotubes. It will be a significant advancement if polymer swelling via gas absorpnomthout the rgquwement 0
we can useerpendicularly aligneatarbon nanotube arrays as the be opc_erated around the pgrcolatlon thresholIEM images ¢ and
sensing materials. Aligned carbon nanotube arrays, in either a pat-d of F'g!”e 1 show the ahg_ned carbon nanot_ube array before and
terned or nonpatterned forfrallow the development of novel sen- after belng.par.tlally filled with PVAC.’ regpectlvely.

sors and/or sensor chips without the need for direct manipulation As seenin Figure 2a, tms-syn_thesmedllgned carbon na_motube_
of individual nanotubes since the constituent nanotubes can be?"&s without the polymer coating do not show any obvious resis-

collectively addressed through a common substrate/elecdtire :ﬁnce chanlge wh:(l_le e);pose(: 0 tVT:r.'OUS (;rE)eTlcall Varf’ orsl ’E S;r does
aligned nanotube structure further provides a large well-defined . € pure po )r/]mer fm. in COE rast, flgure clear yf.f fPVA?
surface area and the capacity for modifying the carbon nanotube 'Ncr€ase in the resistance changg, orgcomposne im o ¢
surface with various transduction mater$&lto effectively enhance and aligned carbon nanotubes after being exposed to tetrahydrofuran

the sensitivity and to broaden the scope of analytes to be detected.(THF) vapor for several minutes. Subsequgnt remoyal of the THF
Here, we report a novel concept for developing a new class of vapor source caused a loss of ca. 100% in the resistance change

multifunctional chemical vapor sensors with a low power consump- ?fter keetplngfthez na_notll: WVAC con:pt)tc: s;t(tahﬁlmbm a zt roc_>rrt1
tion, high sensitivity, good selectivity, and excellent environmental ehmpera ure dor min. it 1s app?rﬁn Ia € observed resistance
stability by partially coatingperpendicularly alignea¢arbon nano- changes are due to expansion o the polymer matrllx upon exposure
tube arrays with appropriate flexible polymer films to the chemical vapor, which leads to a concomitant increase in
As schematically shown in Figure 1, the aligned multiwall carbon the inter-tube distance (Figufe 1t.))' ThPT lost conductivity could npt

nanotubes produced by pyrolysis of iron(ll) phthalocyanine (Figure be completely compensated_ln thls partl_cular case, even after_ drying
lap10 were partially covered with a polymer coating top-down the nanotupePyAc composite film in a|rfor.a prolonged perlod,.
along their tube length (Figure 1a (I)) by depositing a droplet of due to the inevitable presence of some residual good solvent (i.e.,

- : . THF) in the PVACc matrix. After the first vaperair cycle with a 2
olymer solution (e.g., poly(vinyl acetate), PVAc, polyisoprene, ! ) . .
poly (e.g., poly(viny ) polyisop min interval, the maximum resistance and the peak height became

t University of Dayton. constant (Figure 2b), indicating that the solvent absorption/
* Wright-Patterson AFB. desorption had reached an equilibrium state.
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Figure 4. AR for ;Fle(aligned carbon nanotubé’VAE?le) film with the on/
off switching cycles (a) between 20 and 70 and (b) under an electric
light bulb (cf. Supporting Information).
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To broaden the scope of analytes to be detected by an aligned car-
bon nanotube polymer composite film sensor, we partially coated
the aligned nanotubes (Figure 1a) with a mixture solution of PVAc
and PI (weight ratio 50:50) in toluene (2 wt %). As seen in Figure

Figure 2. RelativeT'vg’riations of the resistana®R, for (a) a pure aligned 3c, the chemical vapor sensors based on the aligned carbon nano-
muItivyaII carbon nanotube_ array on quartz upon ex_posure_ to various tubes and PVAcleinary p0|ymer Composite show reasonab|y
chemical vapors, and an aligned carbon nanottidéAc film during (b) good responses to both cyclohexane (about 50 versus 12% for its
THF—air cycles, (c) ethanelair cycles, and (d) cyclohexanair cycles o .
with time intervals for 2 min 6r" and 2 min ‘off’. AR = (Ryapor— Ro)/Ro pure PVAc counterpart) and ethanol (about 45 versus 10% for its
x 100%, whereR, and Ryapor are the resistances of the aligned carbon pure Pl counterpart). The large-range good correlation between the
nanotube-polymer composite film before and after exposure to a chemical equilibrium peak height and the partial cyclohexane vapor pressure
vapor, respectively. shown in Figure 3d indicates a high sensitivity and reliability,
though the choice of the polymevapor pair and device design
has not been optimized in this study. The virtually unlimited number
[ i of combinations of aligned carbon nanotubes with different polymer
5 systems should make the methodology reported here highly versatile
» " for developing various novel nanotube and polymer sensors for
- - effectively detecting a large variety of chemical vapors (cf. Table S1).
R o %J}o%ﬁﬁ&ﬁ Our preliminary results indicated that these rationally designed,
aligned carbon nanotubgolymer composite films are also useful
= for other applications involving possible film distortions caused,

Time (sh Time (5)
B0 —ethanol
e cyckhexans (d} - v -
- : b = A for example, by mechanical, thermal, and/or optical effect(s). The
| 151 - similar resistance changes induced by thermal (Figure 4a) and opti-
\ ! 104 f,f" cal (Figure 4b) exposure cycles as those induced by certain chemical
s/ vapor—air cycles clearly indicate that the composite film can also
' of be used for thermal and optical sensing due to the thermal swelling
230 480 720 960 1200 1440 1680 260 400 630 800 100012001400 1600 of the polymer substrate caused by either temperature changes or
Time (s} i - . . . .
Figure 3. AR for an ‘aligned carbon nanotub®! film during (a) cyclo- optical absorption (cf. Supporting Information for experimental
hexane-air cycles and (b) ethanehir cycles, and an aligned carbon
nanotube-PVACc/PI film during (c) cyclohexaneair and ethanetair cycles,

details and the mechanical deformation sensing (Figure S3)). There-
) c/Pl f s : fore, the present study should have important implications for poten-

and (d) its equilibrium resistance peak height versus the partial cyclohexane

vapor pressure (cf. Supporting Information).

tial use of aligned carbon nanotubes and polymer composites as a

new class of very promising multifunctional materials and devices,
Similar resistance changes were observed for the aligned carbonwhich could lead to many new applications of carbon nanotubes.

nanotube-PVAc composite film when exposed to other chemical ~ Acknowledgment. L.D. thanks the ACS (PRF 39060-AC5M),

vapors (e.g., ethanol, cyclohexane; ¢ and d in Figure 2, respectively).NSF (CCF-0403130), AFRL/ML-HBCU, WBI, The Dayton De-

However, the equilibrium peak height for THF is about 290% Vvelopment Coalition, and University of Dayton for financial support.

(Figure 2b), with respect to the corresponding value of ca. 80% Supporting Information Avallaple: Detallgd exper!mentall pro-

for ethanol (Figure 2c). This difference can be attributed to the _cedur(?s and results from meghanlcal deformation sensing. This material

fact that THF is a better solvent than ethanol and can cause a greatel® available free of charge via the Internet at http://pubs.acs.org.
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